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An investigation of the causes of liquid carryover in 
the Girdler-Sulfide process for the production of heavy 
water was carried out using 12 samples of carbon collected 
over a one-year time period. Organic impurities from the 
feedwater were concentrated by adsorption on carbon. 
Studies of methods for the drying of carbon showed that 
freeze drying resulted in the minimum reproducible moisture 
retention without gross loss of the adsorbed organic mat-
erials. Rotary vacuum evaporation and air drying of beds 
of carbon were proven to be less efficient. 
A study was made of the variables which affect extrac-
tion efficiency by the Soxhlet method. The efficiency of 
extraction of the adsorbed materials with both water 
immiscible and water miscible solvents was shown to increase 
as the residual moisture content of the carbon decreased. 
Excess heat input to the Soxhlet boiling flask was shown 
to be a possible cause of degradation of organic compounds 
during the extraction process. The amount of organic 
material extracted from a given sample of carbon was found 
to be dependent upon'the type of solvent used for the 
extraction. 
The amount of organic materials extracted from uni-
form samples (collected over the ·one-year time period) 
I 
varied with the month the sample was collected and the 
iii 
extraction solvent. Specific correlations could not be 
made with changes in the river quality or plant water treat-
ment variances. 
The extracted organic materials were analyzed by gas 
chromatography and mass spectrometry, and two of the mater-
ials were identified as £-Caprolactam and 2-methoxy furan. 
The results of the analyses correspond to chemicals used 
by textile and paper processing plants upstream from the 
Savannah River Plant. 
Results of the work show that the Carbon Chlorofrom 
Extract (CCE) method adopted by the u.s. Public Health 
Service as a standard for the determination of organic 
micropollutants in drinking water may be inadequate and 
unreliable. 
Analysis of the water treatment program at the 
Savannah River Plant showed the most probable cause of 
carryover is the hydrated aluminum oxide floc allowed to 
escape in the feedwater. 
iv 
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I. INTRODUCTION 
Heavy water (D2o) is porduced at the Savannah River 
Plant at Aiken, South Carolina operated by E.I. duPont 
1 
for the United States Atomic Energy Commission. The 
Girdler-Sulfide (GS) Process(l) for temperature controlled 
exchange of the Deuterium isotope in the hydrogen sulfide 
(H2 S) - water system is employed. The H2s and water flows 
pass countercurrently through succeeding stages of bubble 
cap columns at a pressure of approximately 400 psig and 
temperatures of 30°C and 120°C as shown in Figure 1. 
The water and H2s flowrates in the first stage cold 
tower (30°C) must be reduced at irregular intervals to 
correct for carryover in the outlet gas stream. Carryover 
is entrainment of water in the H2s leaving the top of the 
cold tower caused by foaming and incomplete phase separa-
tion on the tower trays. Carryover is indicated by a 
sudden drop in the temperature gradient across the gas 
blowers and an increase in pressure gradient across the 
affected towers. When these symptoms appear, flowrates 
must be reduced immediately to prevent equipment damage 
or loss of process control. 
Carryover is the result of a material or materials in 
the incoming process water which acts as surface-active 
agents to promote foaming upon contact with the H2s. The 
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FIGURE 1: Simplified Flow Diagram of a Savannah River GS Unit(6) 
rv 
The process feedwater is taken from the Savannah River 
and treated by sedimentation, coagulation, flocculation, 
filtration, deaeration, and pH adjustment before use. 
Possible sources of the materials are impurities in the 
raw river water which are not removed by treatment or im-
purities added to the water during treatment. Nearly all 
observations by SRP personnel indicate the surface-active 
agents to be organic. 
This investigation is a part of a research study 
being conducted in conjunction with the engineering per-
sonnel of the Heavy Water Division at the Savannah River 
Plant. 
The goals of the combined study are primarily concerned 
with (1) the investigation of present water treatment; 
(2) the recovery of organic micropollutants from the 
process feedwater; (3) the isolation and identification of 
those materials (organic and inorganic) acting as surface-
active agents; (4) and the development of methods for 
their destruction and/or removal. This dissertation is 
concerned primarily with the first three parts. 
The overall objective of this part of the investiga-
tion is the identification of those materials causing the 
foaming and liquid carryover in the n2o process. The 
specific objectives of this study are: 
(a) the development of a satisfactory carbon drying 
technique, 
3 
(b) the evaluation of the Soxhlet extraction method, 
(c) the extraction evaluation of selected solvents 
based on surface tension and foaming tests, and 
(d) the separation and identification of the most 
probable organic surface-active agents by gas 
chromatography and mass spectrometry, and 
(e) the evaluation of the inorganic materials used 
in the water treatment and their effect on the 
GS process. 
In summary, it is the purpose of this investigation 
to develop the methodology and to attempt to identify those 
materials thought to act as foaming agents in the SRP 
process water. 
4 
II. REVIEW OF LITERATURE 
A. RECOVERY OF ORGANIC MICROIMPURITIES 
Techniques have been developed for the determination 
of very low concentrations of organic compounds in water. 
These techniques each consist of a means of concentrating 
the organic substances, generally followed by instrumental 
analyses which include gas chromatography, infra-red and 
ultra-violet spectroscopy or mass spectrometry. The major 
problem has been to increase the concentration of the 
organic compounds present to levels detectable by the 
instrumentation employed, without destroying or altering 
their chemical compositions. Utilized methods of concen-
tration include adsorption on activated carbon followed 
by extraction with an organic solvent, liquid-liquid 
extraction, freeze concentration, and vacuum rotary evap-
oration. 
In recognizing the difficulties posed by the presence 
of the trace organic compounds, and the present inability 
to define clearly the chemical nature of these materials, 
the USPHS has set the maximum permissable concentration of 
chloroform soluble organics in drinking water at 200 micro-
grams per liter. (2 ) However, different investigators have 
found that in both surface( 3 , 4 ) and subsurface(S,G) water, 
the concentration or organic compounds which are not 
5 
chloroform soluble is greater than the concentration of the 
chloroform soluble materials. Therefore, a need exists 
for additional knowledge concerning not only the effects 
but the identification of these materials. 
The ordinary characterization procedures employed in 
water analysis, including chemical and biochemical oxygen 
demand, taste and odor, and solubility partitioning, reveal 
very little of the identity of the organic micropollutants. 
Sophisticated equipment and procedures must be employed to 
identify the individual organic compounds. Various forms 
of chromatography (paper, column, thin-layer and gas-liquid) 
and 9pectroscopy (infrared, ultraviolet, fluorescent and 
mass) have been employed by different investigators to 
study trace organic compounds. Identification of the com-
pounds of the organic micropollutants would assist in the 
development of new methods for their destruction and/or 
removal. 
1. Carbon Adsorption Method 
The method of recovery which has been most widely 
employed in the United States is the carbon adsorption 
method (CAM) which was developed by Braus, et. al., (7 ) at 
the Robert A. Taft Sanitary Engineering Center. The pro-
cedure consists of passing 3,000 to 5,000 gallons of water 
through a vertical filter, 18 inches high and three inches 
in diameter, containing nine inches of 30-mesh activated 
6 
carbon between two 4.5 inch layers of 4xl0-mesh activated 
carbon. Filtration is carried out at a flow rate of 1/4 to 
1/2 gpm, providing a contact time of 4.4 to 2.2 minutes, 
respectively. The coarse carbon at each end of the filter 
aids in preventing plugging by mud and silt from turbid 
waters. Because turbid river waters frequently plug the 
carbon filter when attempting to sample large volumes of 
water, a means of pretreating the water is necessary. The 
pretreatment facility originally used by Braus, et. al., <7 > 
consisted of a sand filter, which was later modified by 
Middleton, et. al., (S) to include a sedimentation tank 
before the sand filter for highly turbid waters. Sedimenta-
tion followed by diatomite filtration has been used by 
several researchers. (g,lO,ll) This method has been accepted 
as a standard procedure(l2 ) for the determination of or-
ganic compounds in water and is used in conjunction with the 
200 ~g/i limit that has been set for chloroform soluble 
'organics•* in drinking water. (ll) 
Studies of parameters concerning carbon adsorption 
performance have been reported. (13) Booth, et. al., con-
firmed assumptions that activated carbon columns, even with 
the greatest practical contact times, do not adsorb all or-
ganic matter present in stream waters. It was also shown 
that significantly lower sampling rates and volumes were 
*'Organics' is accepted terminology in water pollution for 
organic compounds. 
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required for maximum utilization of the CAM as a gross 
monitoring technique. A rate of not more than 120 milli-
liters per minute (contact time of five minutes) and a 
volume of not more than 400 gallons were suggested. 
Rambow(l 4 ) performed tests to determine the effects of 
adsorbate concentration and flow rate upon the adsorption 
of fluorescein and DDT, respectively, from water by acti-
vated carbon. It was found that the percentage of each 
adsorbate removed from the water by the carbon increased 
as either the adsorbate concentration or the flow rate 
decreased. It was also found that, in terms of amount of 
adsorbate recovered per unit of time, high flow rates are 
advantageous. 
Rock, et. al. (lS) investigated the effects of turbidity 
on recovery of trace organics by carbon adsorption. As a 
result of the study it was concluded that: 
(1) The removal of turbidity from natural waters 
constituted a significant contribution toward 
obtaining maximum and reproducible quantita-
tive determinations of trace organics, 
especially in the case of acidifed adsorptions. 
(2) The removal of turbidity may or may not affect 
the number and amount of individual organic 
compounds adsorbed on the carbon. 
8 
(3) Acidified adsorptions produced a significant 
gravimetric increase in extraction recoveries 
from all carbon filters and from all four 
solvents employed; chloroform, 11 alcohol 11 , 
acetone, and benzene. 
(4) The data indicated the need for larger sampling 
volumes and/or longer contact time for the 
quantitative determination of trace organics 
in polluted waters. 
The CAM proposed by Braus, et a1S 7 > has been modified 
by several investigators to accomplish various experimental 
goals. The use of more than one filter in series was 
studied by Greenberg, et al~lG) in an attempt to improve 
the efficiency of the CAM. The second filter was used 
to recover any possible materials which might not have 
been adsorbed on the first filter or which might have 
been dislodged from the first filter as its adsorptive 
capacity was reached. It was concluded that at least 
two columns in series were needed. 
Dornbush and Ryckman(lO) modified the method to in-
elude an arrangement of two carbon filters in series, 
with a pH adjustment of the water from 8.1 to 2.9 with 
H2 S0 4 prior to exposure to the second filter. Pretreated 
water was passed through the carbon filters, each con-
taining 1.3 cubic feet of carbon, at a rate of 5 to 7.5 
gpm until a total of 96,400 gallons had been processed. 
9 
A total 804 ll g/fl. of trace organics was captured from the 
water of which only 76 ll g/fl. were the fraction adsorbed at 
the natural pH of the water. 
Robinson, et. al., (5 ) passed water through the standard 
18-inch filters at a rate of 1 gpm instead of the recom-
mended 0.25 - 0.5 gpm rate. With this procedure, 1,000 
to 1,500 gallons of water could be processed in a 24-hour 
period. Goodenkauf and Evdei(l 7 ) reduced the filter length 
to 16 inches and used only two inches of coarse carbon at 
each end in the recovery of pesticides from river water. 
2 .• Other Methods 
Baker<18 ) concentrated various organics (phenol, 
m-cresol, and 2,4-dichlorophenol) from standard aqueous 
solutions by freeze concentration of the water in an 
attempt to find a better method than the CAM. Efficiency 
of concentration was determined by gas chromatographic 
measurement of the organic materials. He reported that 
concentration efficiencies varied from 40 percent for 
2,4-dichlorophenol to 70 percent form-cresol and were not 
reproducible. 
Caruso, et. al., (lg) described a technique whereby 
the organics are extracted from 3-6 liters of water by 
liquid-liquid extraction with 1-2 liters of diethyl ether. 
The resulting ether solution is concentrated by vacuum 
10 
evaporation to one milliliter, and a two microliter portion 
is injected into a gas chromatograph. The method can be 
used to identify sources and to trace the dissimilation of 
the organics in surface water. 
Slonim and Crawley( 20) described a simple, precise 
method for determining total solids in water by vacuum 
rotary evaporation. A series of mixtures of organic and 
inorganic compounds was analyzed by this technique and 
compared to the direct heat evaporation method. The high 
precision of vacuum rotary evaporation, with a mean recovery 
of 99.4 + 2.75 percent, was attributed to the immobiliza-
tion of thermally unstable constituents under reduced 
pressure and temperature. 
B. DRYING METHODS 
The most common methods employed for the concentration 
of organics, utilized by public health, municipal, and com-
mercial laboratories, are the Carbon Chloroform Extract (CCE) 
method and the Carbon Alcohol Extract (CAE) method. Before 
extraction with either solvent, the carbon must be dried. 
A review of the literature from 1950 to present re-
vealed no basic studies concerning residual moisture 
effects on extraction efficiency. (7) Braus, et. al., pro-
posed an analytical method for the recovery of organics 
by carbon extraction with ether in which the carbon was 
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air dried on a GO-mesh bronze screen. The temperature, 
drying time, and bed height were not mentioned. Middleton, 
et al5 8> thinly spread the carbon on a screen or plate and 
dried at room temperature until "~he canbon appeaned dny 
and nlowed nead~ly". They report that the carbon may con-
tain 25 to 40 percent residual moisture, but state {with-
out verification) that this moisture has no effect on the 
extraction with chloroform. 
The methods employed and criteria for the degree of 
drying prior to extraction as specified in Standard Meth-
ods{l2) are ambiguous. The method states in part, 
"Sp4ead ~he canbon ou~ ~n a ~hin layen on 
a ~nay on impenviouh ma~en~al hueh ah coppen on 
glahh. Vny ~he canbon ~n clean hunnoundingh. 
To hpeed dnying, pahh hea~ed ain (30°-40°C) oven 
~he ~nayh. Avoid high hea~. Regand ~he canbon 
ah dny when i~ ih nnee 6lowing and appeanh l~Re 
nnehh, unuhed canbon." 
This is a standard procedure for the determination of 
chloroform extractable material per liter of filtered 
water for which the maximum limit is 200 ~g/t for drink-
ing waters. No effort has been expended to clearly 
specify a drying procedure which defines all of the 
possible parameters. 
Because of the lack of a specified drying procedure, 
there is a range of reported drying times from overnight{ 2l) 
to five days~ 4 ) Robinson, et al~S) placed the carbon in 
a 2-inch thick layer on trays and dried two to three days 
~t a constant temperature of 95°F. The longest time for 
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drying was reported by Grigoropoulos and Smith~ 4 ). The 
carbon was dried in wooden trays lined with polyethylene 
for five days at 40°C. The bed depth, however, was not 
reported. 
C. EXTRACTION METHODS 
This section is limited to a discussion of extraction 
methods and solvents employed and various parameters examin-
ed. A quantitative comparison of extracts will be omitted. 
Middleton, et a1! 8> investigated the extraction ef-
ficiency, or number of cycles required, of chloroform with 
phenol adsorbed on carbon. Large capacity (2 liters of 
carbon and 2.5 liters of chloroform} Soxhlet extractors 
were employed. After 46 hours of successive extractions 
with chloroform, over 99 percent of the adsorbed phenol 
was recovered from the carbon. After 25 hours of extrac-
tion, 97 percent of all material was recovered. There 
were approximately 5 cycles every 8 hours. As stated 
previously, the carbon retained 25 percent to 40 percent 
moisture. The investigation of residual moisture was 
not reported. The carbon extraction with chloroform 
listed in Standard Methods(l2} as part of the tentative 
method for CCE is essentially the same procedure as de-
scribed by Middleton, et al. ( 8} The carbon is extracted 
35 hours instead of the 50 hours suggested by Middleton, 
et a1~ 8 ) The use of boiling chips and a setting of 80 on 
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the variable transformer are arbitrary. 
Several investigators( 4 , 10 , 22 ) have reduced the number 
of hours of extraction from 35 to 24. May, et a1! 22 ) ex-
tracted carbon with benzene to recover organic pesticides. 
Dornbush and Ryckman(lO) extracted 24 hours with chloro-
form, dried the carbon, and repeated the process with 
ethanol. 
When using carbon adsorption for the recovery of 
organics from drinking waters, the usual procedure is 
to extract a dry, unused sample of the carbon with the 
solvent to obtain a carbon "blank". Greenberg, et al!lG) 
reported that wetting the unused carbon with distilled 
water prior to extraction with chloroform significantly 
increased the apparent CCE blank. In an attempt to 
determine a true blank, 800 gallons of distilled water 
were passed through five carbon adsorption columns con-
nected in series. The first four columns were used to 
adsorb possible contaminants from the water. Extraction 
of the carbon in the fifth column with chloroform was to 
provide data on the carbon blank. The increase from 3 
milligrams CCE for untreated carbon to 30 milligrams CCE 
for water-treated carbon is significant, however, extrac-
tion of the first four columns should have been investi-
gated in an effort to explain the increase in CCE blank. 
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D. CHROMATOGRAPHIC METHODS 
The organic micropollutants extracted from carbon con-
sist of such numerous and varied chemical compounds as to 
make their separation and subsequent identification an 
extremely difficult process requiring the most refined 
and sophisticated methods available. Various forms of 
chromatography (paper, column, thin-layer, and gas-liquid) 
have been utilized as separation techniques in the anal-
ysis of trace organics. This section is limited to a 
discussion of gas-liquid chromatographic methods employ-
ed for the separation of trace organics and detection 
with flame ionization detectors. 
Gas chromatography in combination with liquid-liquid 
extraction was employed by Caruso, et al5 19 ) to trace 
sources of organic micropollutants and study variations 
in concentration of organics in lake and river waters. 
Water samples were extracted with ether, and the ether 
layer was separated and concentrated from 1-2 liters to 
one milliliter. A two-microliter volume of the concen-
trated ether solution was analyzed with a gas chromato-
graph using dual Apiezon L columns (10 percent on acid 
washed chromosorb W, 60-80 mesh) and hydrogen flame de-
tectors with temperature programing from 60-250°C at 
4°C/minute. Nitrogen was used as the carrier gas at 82 
milliliters/minute. By comparing "fingerprints" of 
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extracts from different points along the stream and lake 
shore, the authors (lg) concluded that the organics found 
in the river water were contributed by surface runoff and 
domestic sewage rather than by industrial effluents. The 
trace organics found in the lake water exhibited similar 
fingerprints on the chromatograms but in lower concentra-
tions. 
Baker and Malo< 23 ) describe an analytical scheme for 
the characterization of trace organic constituents in 
water. Two analytical pathways are utilized: 
(1) freeze concentration and aqueous-injection 
gas liquid chromatography using flame 
ionization detection and polar substrates 
(FFAP and Carbowax 20M-TPA), and 
(2) solvent extraction-distillation concentration 
and ionization gas-liquid chromatography using 
nonpolar column substrates (Apiezon Land SE-30). 
The two pathways emphasize analyses of (1) volatile, 
thermally labile and (2) less volatile constituents, 
respectively. 
Chemical characterization is obtained in the form of 
instrumental chromatograms of the entire organic profile. 
Changes in these organic profiles indicate change in river 
water quality which may be correlated with other water 
properties. 
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Weiss, et a1S 24 ) employed systematic sampling of an 
impounded water supply to study organic constituents. 
The relative quantities of the constituents were found 
to be different at different depths and to change season-
ably, paralleling changes in the limnology of the body 
of water. One-microliter samples were chromatographed at 
150°C using a flame ionization detector and a single 
column packed with 20 percent polymetaphenyl ether (PMPE) 
on chromosorb W. 
Baker( 2S) presented a summary of some of the practical 
operating considerations and recent developments in measur-
ing trace organics in aqueous solution. Direct aqueous 
injection into a gas chromatograph was recommended in 
order to avoid changes which may occur during concentra-
tion and recovery. Using standard mixtures in laboratory 
studies, it was found that organic concentrations lower 
than the mg/£ range were difficult to detect. A concen-
tration of at least 10 to 20 fold, however, is required 
with most surface waters before mg/£ quantities of organic 
micropollutants can be obtained. 
h . t' t (22,26,27) h 1 d Ot er 1nves 1ga ors ave emp oye gas-
liquid chromatographic methods in the analysis of river 
water for pesticides. Pesticide detection, however, 
requires an electron capture detector. 
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E. GAS CHROMATOGRAPHIC-MASS SPECTROMETRIC METHODS 
Chromatography is very useful in the identification 
of unknown materials when one is looking for a particular 
compound or a series of compounds for which standards are 
available. However, when the identification of a complex 
mixture is desired and limited knowledge as to the origin 
and nature of the material isavailable, other types of 
sophisticated instrumentation must be used in conjunction 
with gas chromatographic analysis. 
This review will be concerned primarily with the sample 
injection system and interfacing of a gas chromatograph 
to the mass spectrometer. For a discussion of the funda-
mental design and operational techniques pertinent to 
the efficient utilization of a mass spectrometer, the 
reader is referred to the publications of Inghram and 
Hayden( 28 >and KiserS 29 ) 
Mass spectral investigation of gas chromatographic 
fractions is generally performed for qualitative analysis 
of unknown compounds or for confirmation of the identity 
of suspected compounds. These investigations can be 
accomplished by a variety of sampling techniques, in-
cluding methods in which the sample is trapped and intro-
duced batchwise or methods in which the chromatograph is 
connected directly to the mass spectrometer. Each of the 
various methods available for GC-sample introduction is 
18 
applicable to a wide range of samples, but occasionally 
a special technique must be applied for analysis of a 
particularly difficult GC system. 
It is frequently preferable to collect the fractions 
as they emerge from the gas chromatograph and then to 
introduce them one by one into the mass spectrometer. 
This procedure leaves ample time for a determination of 
the mass spectrum under a variety of conditions. 
Several systems( 30 , 31 , 32 ) have been'designed to 
collect fractions from a gas chromatograph for intro-
duction into a mass spectrometer. All of these systems 
involve collection of the sample on some solid, intro-
duction of this solid into the mass spectrometer, cool-
ing during evacuation of the inlet system, followed by 
heating to release the sample from the solid. Amy, et 
al} 30 ) used a capillary tube containing the same packing 
as the column, 3 percent SE-30 on Gas Chrom Q, to separate 
and trap a mixture of steroid derivatives. Trapped frac-
tions gave spectra of good quality from three different 
mass spectrometers. Cartwright and Heywood( 3l) found 
Molecular Sieve SA to be a strong adsorbent only for 
short chain molecules. Daminco, et al} 32 ) adsorbed GC 
effluents of propionaldehyde, dimethyl disulfide, and 
2,3-dimethylbutane on activated charcoal for analysis 
by mass spectrometry. Other trapping systems include 
the use of an uncooled capillary to trap high boiling 
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components(JJ) and trapping on silica sand. <34 > 
To avoid readsorbing on a solid, Burson and Kenner(JS) 
condensed eluted components in a thin-wall glass capillary 
cooled by liquid nitrogen. The capillary was then sealed 
with a torch and placed in a short length of teflon tubing 
on the inlet system of the mass spectrometer. After 
evacuating the tube, it was bent slightly to fracture 
the capillary and introduce the sample into the mass 
spectrometer. 
Collection methods are generally considered to be 
more convenient and give more reliable data. However, 
many samples and chromatographic systems do not permit 
collection and subsequent introduction to the mass spec-
trometer. Sometimes low collection efficiencies are 
obtained; sometimes the pure collected sample will 
polymerize or oxidize; sometimes the mixture may contain 
too many components, and collection techniques are im-
practical. 
McFadden(JG) describes four methods in general use 
for direct introduction of GC samples to a mass spec-
trometer from packed and capillary columns. The most 
common method for connecting a packed column is to 
split the effluent at the column exit and take approxi-
mately 0.5 percent of the total into the mass spectra-
meter. Because the pressure in the mass spectrometer 
cannot exceed 10- 5 torr, a larger amount cannot be 
utilized. This method was employed with the first 
20 
tandem GC-MS system to be used} 37 > As more than 99 per-
cent of the material is rejected, the minimum sample 
required is in the range of 10- 7 gram. 
The use of enriching devices has permitted a con-
siderable increase in the percentage of total effluent 
sample that can be introduced into the mass spectrometer. 
The molecular s.eparators utilize either the difference in 
diffusion rate of sample and carrier gas! 38 , 39 ) or the 
selective adsorption or solubility of sample over the 
. (40) 
carr1.er gas. Five to 80 percent of the total organic 
material can be utilized from a packed column using an 
enricher, and the minimum sample size required is thus 
reduced to about 10- 9 gram. 
Many complex mixtures cannot be satisfactorily separated 
by conventional 1/8-inch packed columns, and capillary or 
support-coated capillary columns are required to obtain 
sufficient separation. Capillaries have been used in 
many applications for direct GC-MS analysis, particularly 
with complex petroleum fractions~ 4 l) Because of the 
smaller amount of carrier gas used, it has been possible 
to permit 40 to 100 percent of the total sample into the 
mass spectrometer, and thus to fully utilize the small 
amounts of material (l0- 6 to 10- 10 gram) separated. 
A review of the Applied Science and Technology Index 
from 1950 to present was the primary source of literature. 
It is a cross-referenced listing of titles under separate 
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sections of interest. Persons interested in further in-
formation concerning carbon adsorption, drying, or extrac-
tion, are referred to the following sections: Adsorption, 
Extraction, Water Analysis,and Water Pollution. The gas 
chromatographic and mass spectrometric reviews are listed 
under Chromatographic Analysis and Mass Spectrometric 
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Analysis, respectively. The GC-MS papers are cross-referenced 
between the two sections. 
III. EXPERIMENTAL METHODS AND RESULTS 
The purpose of this section is to present the methods 
employed in the recovery and separation of the organic 
impurities adsorbed from the D20 process feedwater and 
the results obtained in the identification of those im-
purities possibly acting as surface-active agents. As 
there are several facets of this research problem, the 
experimental procedure and results of each phase will be 
combined for independent discussion. A discussion of the 
entire project will follow in the next section. 
A. RECOVERY OF MICRO-ORGANIC IMPURITIES 
The procedure utilized to recover the micro-organic 
impurities from the water was carbon adsorption. A 
four-inch, schedule 40, stainless steel pipe four feet 
in length was installed by DuPont personnel in the 
process feedwater line. Details of the cylinder are 
included in Appendix A. The cylinder was filled with 
3-1/2 feet (0.30 cubic feet) of carbon (Pittsburgh 
Carbon Type CAL 12 x 40 mesh)5 42 ) Four 50-pound bags 
of carbon from the same lot number were used. Three 
bags were sent to SRP, and the fourth was kept at UMR. 
All carbon was stored in air-conditioned buildings not 
in the proximity of any organic chemicals prior to usage. 
The inlet water pressure was maintained at 40 psig with 
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an average flow rate of 0.31 gpm. The water was taken 
from the Savannah River and treated by coagulation, fil-
tration, deaeration and pH adjustment prior to processing. 
After approximately 30 days of service, the cylinder was 
removed from the system and drained of free flowing water. 
The wet carbon was removed from the cylinder and placed 
in sealed, heavy polyethylene bags for shipment to UMR. 
Twelve batches of carbon were used in the cylinder over 
a year's period, where a batch is defined as the carbon 
used during a given sampling period. Pertinent sampling 
data, including water turbidities and flow rates are 
given in Table I. 
With the exception of the first three batches, the 
process water turbidity and river water turbidity were 
measured with Hach turbidimeters. The units of measure-
ment are Jackson Turbidity Units (JTU). During the first 
three sampling periods the river water turbidity was 
expressed in units of parts per million (ppm) silica. 
There is a noticeable tendency for high turbidity 
to be present during periods of severe carryover such as 
during sampling periods 8, 10, 11 and 12. Batch 9 was 
placed onstream during a period of carryover when high 
turbidity was present. The batch was removed immediately 
afterward in order to investigate this aspect. 
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TABLE I. 
CARBON ADSORPTION SAMPLING CONDITIONS 
BATCH DATES TOTAL FLOW AVG. FLOWRATE AVG. PROCESS WATER AVG. RIVER WATER 
Gal. gpm Turbidity, JTU* Turbidity, JTU** 
1 5/24/68-6/24/68 23,215 0.52 ---- 20. 
2 6/24/68-7/23/68 12 '789 0.31 ---- 19.2 
3 7/23/68-8/23/68 13,874 0.31 ---- 16. 
4 8/23/68-9/23/68 15,534 0.34 0.07 6. 
5 9/23/68-10/23/68 6,850 0.16 0.08 7. 
6 10/23/68-11/22/68 9 '772 0.23 0.14 6.7 
7 11/23/68-12/23/68 13,121 0.30 0.16 7.6 
8 12/23/68-1/23/69 15,866 0.35 0.23 11.1 
9 1/23/69-2/27/69 2,553 0.35 
10 2/28/69-3/28/69 9,573 0.24 0. 77 32.0 
11 3/28/69-4/25/69 10,331 0.27 0.48 40. 
12 4/25/69-5/28/69 11,613 0.24 0.79 25.0 
* On 9/5/68 an in-line Hach turbidimeter was installed in parallel with the carbon 
adsorption unit. 
** The river water turbidity for the first three batches is expressed in ppm silica. 
A laboratory Hach turbidimeter was used to measure river water turbidity in JTU 
after 9/17/68. 1\) 
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B. EVALUATION OF DRYING PROCEDURES 
Three methods of carbon drying were evaluated. Drying 
curves were obtained for (1) freeze drying, (2) low pres-
sure rotary-flash evaporation, and (3) air drying. In 
any given procedure the sample weight, size, and bulk con-
figuration were maintained constant. Samples used in the 
different procedures were kept as similar as possible for 
comparative purposes. 
1. Freeze Drying 
A VirTis Freeze-Mobile was used in all of the freeze 
drying trials. The unit has 12 one-half inch ports and 
operates in the 10- 3 mm Hg range at coil temperatures to 
-55°C. In all trials, 600-ml drying flasks, 90 mm I.D., 
were used, and only one flask was processed at a time to 
insure continuity of results. Wet carbon, as received, 
(106 grams) was charged into the flask, and the flask 
was immersed in liquid nitrogen for ten minutes until 
the water portion of the carbon mix was frozen. A 
period of ten minutes allowed the center of the carbon 
to reach a temperature of -60°C. The flask was then con-
nected to one of the ports on the freeze drier head. 
Drying time was taken from the point when vacuum was ap-
plied to the flask. Weighings were made as a function of 
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time until a constant weight was obtained. The initial 
drying curve was obtained using carbon from Batch 3. The 
selection of this batch was arbitrary, however, in all 
further development of experimental procedures, only 
carbon from this batch was used. 
The data obtained for the initial freeze drying 
curve using 106 grams of Batch 3 carbon are listed in 
Table II. Thermogravimetric traces using a Mettler DTA/TGA 
unit were made on the freeze dried carbon in order to deter-
mine the amount of bound moisture remaining. It was found 
that less than two percent moisture remained which could 
not be removed until the sample temperature approached the 
normal boiling point of water. 
In order to obtain sufficient carbon in one freeze 
drying flask for extraction, the initial carbon weight 
was increased from 106 grams to 130 grams with no detect-
able change in the drying curve. A compilation of points 
for several runs, including both initial weights, is pre-
sented in Figure 2. It should be emphasized that the 
constant weight lines on the drying curves do not imply 
complete removal of water from the carbon. 
2. Rotary Flash Evaporation 
An all glass-teflon constructed, low pressure rotary-
flash evaporator was also utilized to dry the carbon. The 
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TABLE II. 
FREEZE DRYING DATA FOR 106-GRAM BATCH #3 SAMPLE 
e SPL. WT. WT. LOSS GMS. H20 WT. % % 
HOURS GRAMS GRAMS REMAINING LOSS RESIDUAL 
MOISTURE 
0 106 0 52 0.0 100.0 
1 104 2 50 1.9 96.2 
2 99 7 45 6.6 86.5 
3 95 11 41 10.4 78.9 
4 91 15 37 14.2 71.2 
5 88 18 34 17.0 65.4 
6 84 22 30 20.8 57.7 
7 81 25 27 23.6 51.9 
8 78 28 24 26.4 46.2 
9.5 74 32 20 30.2 38.5 
11 69 37 15 34.9 28.9 
24 55 51 1 48.1 1.9 
25 55 51 1 48.1 1.9 
26 55 51 1 48.1 1.9 
"' CXI 
100 50 
80 ' 40 0 
LU ~ 
0: O- 106 GRAMS ~ ::l 1'11 1- Q- 130 GRAMS -(/) 60 30 Ci) 
- :I: 0 
-t 2 
~ I~ . 
r 
~40~ / ~ ~20 ~ Q 
-(/) 
L&J 




K I I I I I I I I I I I T X .o 
4 8 12 16 20 24 28 
FREEZE DRYING TIME- HOURS 
FIGURE 2: Batch 3 106 and 130 gram Freeze Drying Curve I\) 
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unit was equipped with a pyrex cold finger condenser 400 mm 
in length and a one liter receiver. The receiver was 
fitted with a teflon stopcock to facilitate removal of the 
condensed vapors. There are several advantages to this 
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type of evaporator. Evaporations can be carried out in a 
batchwise manner or by continuous addition. More important, 
in this case, all of the evaporated material can be condensed 
and recovered for analysis to determine what has been re-
moved from the sample. A carbon sample weight from Batch 3 
of 106 grams was used in order to compare this method with 
freeze drying. The sample was placed in a 1000-milliliter 
Florence flask and then immersed in liquid nitrogen for 
ten minutes. The flask was attached to the evaporator, 
started rotating, and vacuum was admitted. Drying time 
was measured from the application of the vacuum. 
data are summarized in Table III. 
These 
As the sample was from Batch 3, the percent residual 
moisture could readily be calculated for a given weight 
loss. The rotary evaporation curves are plotted in 
Figure 3. Visible ultraviolet spectra of the condensate 
from both the freeze dryer and the rotary flash evapo-
rator showed that no organic materials had been removed 
from the carbon during the drying operations (within the 
limits of detection of a Perkin-Elmer Model 450 
Spectrophotometer). 
TABLE III. 
ROTARY EVAPORATION DATA FOR 106-GRAM BATCH #3 SAMPLE 
e SPL. WT. WT. LOSS GMS. H20 WT. % % 
HOURS GRAMS GRAMS REMAINING LOSS RESIDUAL 
MOISTURE 
0 106 0 52 0.0 100.0 
8 61 45 7 42.5 13.5 
12 56 50 2 47.2 3.8 
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3. Air Drying 
A series of tests was set up to demonstrate the degree 
of drying that can be obtained with varying bed thickness 
as a function of time. In order to illustrate the drying 
effects throughout layers of a given bed thickness, a 
series of Standard Tyler screens was used to stack multiples 
of one-inch layers of carbon. The one-inch depth was en-
tirely arbitrary; the screens are one-inch deep. Figure 4 
illustrates the arrangement of the screens and the bottom 
pan. 
With this arrangement, it was possible to weigh the 
individual trays and thus determine weight loss as a 
function of time. Total bed thicknesses from one inch 
to four inches in one-inch increments were used. The 
bottom pan and the required number of trays were filled 
to capacity (one inch) with wet carbon and stacked with 
an empty tray on top to avoid any loss of carbon. The 
distance between adjacent carbon layers was minimal, 
which closely approximated a continuous carbon layer. 
The stack was placed in a forced convection oven set 
at 35°C for five days and was removed every 24 hours for 
weighing. A summary of weights and times are included in 
Appendix B. During any given drying cycle, the contact 
points between the trays and the atmosphere were sealed 
so diffusion of moisture from the carbon had to be 
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drying characteristic curves for l-inch, 2-inch, 3-inch 
and 4-inch deep carbon beds, respectively. 
C. EVALUATION OF EXTRACTION PROCEDURE 
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Reported methods for the desorption of organics from 
carbon by extraction such as outlined in Standard Methods< 12 > 
were ambiguous in many aspects. As a result, the parameters 
affecting the extraction operation, including the effect of 
carbon residual moisture after drying, were investigated 
using chloroform and absolute methanol as solvents. These 
solvents were selected at this time in order to investigate 
the effect of water solubility and to coincide with the 
CCE and CAE methods. 
1. Carbon Drying 
All carbon used during the extraction investigation was 
taken from Batch 3, as all previous work was done with this 
batch. Four 130-gram samples were freeze dried 12, 16, 21, 
and 24 hours, respectively for extraction with chloroform. 
The procedure was repeated for methanol extraction. The 
samples were freeze dried one at a time, and the dried 
carbon was extracted within 24 hours after removal from 
the freeze drier. The freeze drying data for the eight 
samples are summarized in Table IV. 
TABLE IV. 
FREEZE DRYING DATA FOR CHLOROFORM AND METHANOL EXTRACTED CARBON 
* SAMPLE !NIT· WT. FINAL WT. WT. LOSS GRAMS, H2.0 % WT. % 
GRAMS GRAMS GRAMS REMAINING RESIDUAL LOSS 
MOISTURE 
CHCls- 12 130 81 49 15 23.2 37.7 
CHC1 3- 16 130 74 56 8 12.2 43.1 
CHCla- 21 130 71 59 5 7.5 45.4 
CHCl3- 24 130 68 62 2 2.8 47.7 
MeOH - 12 130 84 46 18 28.2 35.4 
MeOH - 16 130 75 55 9' 14.1 42.3 
MeOH - 21 130 70 60 4 6.3 46.2 
MeOH - 24 130 68 62 2 2.8 47.7 
*Example 
CHC1 3 - 12 = Solvent used for extraction hours carbon was freeze dried. 
~ 
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A one-inch thickness of carbon was air dried five days 
at 35°C for comparison of extraction efficiencies with the 
freeze dried carbon. The sample was weighed every 24 hours 
in order to obtain weight loss and residual moisture data 
which are summarized in Table V. 
2. Extraction Procedure 
Extractions were carried out in the same 50-mm diameter 
Soxhlet extractor equipped with a Friedrichs condenser and a 
500-ml round-bottom boiling flask. A 4-mm teflon stopcock 
was attached to the boiling flask, as shown in Figure 9 to 
permit sample removal for UV analysis during extraction. 
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A 45-mm diameter fritted glass thimble (very coarse) was used 
to hold the carbon in the extractor. The flask was heated 
with a mantle connected to a variable transformer. The 
vapor tube of the extractor was insulated with 1/4-inch 
foam rubber to prevent condensation of the solvent vapor. 
The solvent was agitated with a two-inch teflon-coated magne-
tic stirring egg and a variable speed magnetic stirrer. 
An initial solvent volume of 360 ml was used in all 
extractions. This volume assured that the liquid level 
never dropped below the top of the mantle when the extrac-
tion thimble was at maximum capacity. A carbon volume of 
110 ml assured the solvent level in the extractor covered 
the carbon just before syphoning. 
TABLE V. 
AIR DRYING DATA FOR CHLOROFORM AND METHANOL EXTRACTED CARBON 
e SAMPLE WT. LOSS GRAMS % WT. % 
HOURS WEIGHT GRAMS H2 0 RESIDUAL LOSS 
GRAMS REMAINING MOISTURE 
0 309 0 152 100 0 
24 252 57 95 62.5 18.5 
50 211 98 54 35.5 31.7 
92 179 130 22 14.5 42.1 
100 174 135 17 11.2 43.7 













FIGURE 9: Soxhlet Extraction Apparatus 
The syphon rate and pot temperature were determined 
as a function of variable transformer setting. An iron-
constantan thermocouple, referenced to 0°C in an ice-water 
mixture, was taped to the outside bottom of the boiling 
flask and connected to a recorder, which permitted a 
permanent record of pot temperature and frequency and 
number of cycles. The effects of stirrer speed and substi-
tution of boiling chips on the flask temperature were also 
investigated. All solvents used in this investigation were 
distilled, gave a clean chromatograph pattern and were 
considered to be spectral grade. 
3. Extraction Analysis 
Before beginning the extractions, the effects of 
voltage input to the heating mantle on the pot tempera-
ture were investigated. The bulk temperature of the 
boiling solvent was essentially constant at a given 
pressure, but the pot temperature and rate of solvent 
vaporization were dependent upon heat input to the system. 
Thus, for a constant boiling liquid the temperature at 
the pot wall can vary over wide ranges. In those in-
stances where decomposition of the extracted material 
could be a problem, temperature control should dictate 
the other extraction variables. Table VI shows the ef-




EFFECT OF VARIAC SETTING ON POT TEMPERATURE AND CYCLE TIME 
POT CYCLE 
VARIAC TEMP. TIME STIRRER 
SOLVENT SETTING oc MIN. SET 
Chloroform, 40 117 29 6 
normal boil-
ing point, 50 148 16 6 
61. 2 ° C 1 LlHV 
= 59 cal/gm 60 182 10 6 
70 218 7.5 6 
80 258 5.5 6 
Methanol, 50 135 31.5 6 
normal boil-
ing point, 60 166 20 6 
64.7°C 
ilHy = 284.3 70 195 14.5 6 
ca /gm 
80 233 11 6 
at a constant stirring speed. These data show that tempera-
tures at the pot wall can be almost 200°C above the normal 
boiling point of the solvent and that an arbitrary power 
input to the heating mantle could be undesirable for 
some extractions. Table VII shows indirectly the effect 
of stirrer speed on the pot temperature. With the partic-
ular magnetic stirrer used in these experiments it was 
not possible to obtain speed in revolutions per unit time, 
(the stirrer housing was a riveted assembly and a response 
could not be observed by a stroboscopic light through the 
solution) thus, only relative stirrer settings can be re-
ported. Several other runs were made where the magnetic 
stirrer was replaced with boiling chips, and pot tempera-
ture and cycle times were recorded. It was interesting 
to note that the pot temperature and cycle times were the 
same using the boiling chips. 
The extractions were carried out using chloroform 
(essentially water immiscible) and absolute methanol 
(water miscible). By taking advantage of the freeze 
drying and air drying curves, it was possible to ob-
tain extraction data on samples containing the material 
to be extracted along with known quantities of water. 
After arbitrary syphon cycles during each extraction, 
a one milliliter sample was taken from the boiling flask 
by inserting the syringe needle through the teflon stop-




EFFECT OF STIRRER SPEED ON POT TEMPERATURE 
VARIAC STIRRER POT 
SETTING SET TEMP 
SOLVENT oc 
Chloroform 48 3 142 
Chloroform 48 6 138 
Chloroform 48 8 136 
Methanol 60 3 179 
Methanol 60 6 177 
Methanol 60 8 176 
UV-grade quartz cell. All samples were analyzed in the UV 
region (400 millimicrons to solvent cutoff) in double beam 
mode, with pure solvent as the reference, using a Perkin-
Elmer Model 450 spectrophotometer. Before each sample 
analysis, the instrument zero and full scale attenuations 
were checked at a slit width of 0.26 rnm. The filled sample 
and reference cells were inserted, and the pen was adjusted 
to 100 percent transmittance at 400 millimicrons. The pen 
adjustment was made in order that a given extraction anal-
ysis could be normalized around a common starting point. 
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The curves obtained for the UV analysis of the 24-hour freeze 
dried carbon extracted with chloroform and methanol are 
mncluded in Figure 10 and Figure 11, respectively. The 
complete set of curves are on file at the Graduate Center 
for Materials Research - UMR. 
In order to be correlated with the number of cycles 
and degree of drying, the transmittance was recorded at a 
point (220 millimicrons for methanol and 255 millimicrons 
for chloroform) before solvent cut-off. Figuresl2 and 13 
show the progress of extraction with chloroform and methanol, 
respectively, as detected by the spectrophotometer. For 
the chloroform runs, a stirrer setting of 6, a variac set-
ting of 48, and a cycle time of 16-17 minutes were utilized; 
for the methanol runs, a stirrer setting of 6, a variac 
setting of 60, and a cycle time of 21 minutes were utilized. 
The data show that in both cases the greater the amount of 
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FIGURE 12: Transmittance as a Function of Chloroform 
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CYCLES- SOXHLET EXTRACTOR, METHANOL 
FIGURE 13 :· Transmittance as a Function of Methanol 
Extraction Cycles and Freeze Drying Time 
residual moisture in the carbon the more retarded the ex-
traction. The first sample to be extracted was the 12-hour 
freeze dried batch. The sample was extracted with chloro-
form until no discernible difference could be visually 
detected from one cycle to the next on the UV trace. This 
required 104 cycles. An examination of the UV curves 
showed there was less than ten percent difference in trans-
mittance after 80 cycles. All following extractions were 
terminated after 80 cycles with the exceptions of the two 
air dried carbon extractions. 
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In order to obtain the total amount of organic materials 
recovered during each extraction, the final volume of solu-
tion was measured and the weight was calculated by multi-
plying by the solvent density. The ratio, mg residue/gm 
solvent, was determined by evaporating to constant weight 
a known initial weight of solution at ambient temperature 
in an aluminum dish. Knowing the dry volume of carbon 
extracted, the carbon filter volume, and the volume of 
water passed through the filter, the ratio, micrograms of 
extracted materials per liter of filtered water, was cal-
culated using the following unit equation: 
( FILTER VOLUME ) VOL. EXTRACTED CARBON 
These values are plotted as a function of freeze drying time 
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FIGURE 14: Relative Amounts of Materials Extracted for Each Solvent U1 
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55 
for the 24-hour freeze dried carbon extraction, the percent 
materials extracted are plotted in Figure 15. The chloro-
form extraction efficiency shows a linear increase of 18 per-
cent with freeze drying time. The methanol extraction 
efficiency increases by only ten percent, but there is a 
very sharp upward trend after 21 hours of freeze drying. 
Table VIII gives a compilation of the chloroform 
and methanol extractions as a function of freeze drying 
time and percent residual moisture. The transmittance 
after 80 extraction cycles was read at 255 millimicr~ns 
for the chloroform extracts and at 220 millimicrons for 
the methanol extracts. The only exception was the 12-hour 
freeze dried chloroform extraction which was continued for 
104 cycles. The transmittance was converted to absorbance 
using Lambert's Law: 
A= log 10 (1/T) 
where: A = absorbance 
T = transmittance 
An apparent extinction coefficient was calculated using 
Beer's Law: 
A = abc 
where: A = absorbance 
a = 
b = 
path length, 1 mm 
extinction coefficient, gm solvent/mg residue-rom 
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* 104 Cycles 
TABLE VIII. 
TABULATION OF FREEZE DRYING TIMES AND UV ANALYSIS 
' 
T AFTER 80 APPARENT 
RESilJUAL CYCLES AT m~ ORGANIC TOTAL ~-t; ORGANIC EXTINCTION 
MOISTURE 255 ~~~ ABSORB gm SOLVENT mg Lr-!R H20 COEF.g/mg-mm 
23 • 341* 0.467 • 52 196. 293. .903 
12 .350 0.456 .55 210. 314. .834 
7 • 340 0.469 .57 224 • 335. .824 
3 • 290 0.538 .67 234. 350. • 804 
------------T AFTER 80 
CYCLES AT 
220 mu 
28 .098 1.009 1. 45 328. 491. .696 
14 .085 1.071 1.52 331. 495. .706 
6 • 070 1.155 1.67 341. 510 • .691 
3 • 062 1. 208 1. 76 364. 545 • .689 
U1 
..., 
Examination of the calculated apparent extinction coeffi-
cients shows the values for the methanol extractions to 
be more consistent than for the chloroform extractions 
where the apparent extinction coefficient decreased as the 
percent residual moisture decreased. A possible explana-
tion for the difference in behavior is that chloroform is 
water immiscible whereas the opposite is true for methanol. 
A check was made to determine if the apparent extinc-
tion coefficient calculated after 80 cycles was a constant 
throughout a given extraction. 
Table IX and Table X compare the freeze dried carbon 
with 115-hour air dried carbon at 35°C after extraction 
for 12 cycles with chloroform and 16 cycles with methanol. 
The transmittance was read at the same wave number as 
before. After converting the transmittance to absorbance, 
the be product, mm- 1 , could be calculated as the path 
length was constant. Using the apparent extinction coeffi-
cient calculated after 80 cycles (for freeze dried carbon), 
the 12-cycle chloroform extract concentrations and 16-cycle 
methanol extract concentrations were calculated for com-
parison with the measured concentrations for the air dried 
carbon. 
The calculated concentrations and measured concentra-
tion for a given solvent extraction appear to be strongly 
dependent upon the percent residual moisture of the car-
bon after drying. The apparent extinction coefficient 
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TABLE IX. 
COMPARISON OF UV RESULTS FOR CHLOROFORM AFTER 12 CYCLES 
FREEZE % 
DRY TIME RESIDUAL 
SOLVENT HOUR MOISTURE 
Chloroform 12 23.2 
Chloroform 16 12.2 
Chloroform 21 7.5 
Chloroform 24 2.8 
Chloroform*** 115 7.2 
* Calculated after 80 cycles 
** Calculated after 104 cycles 
*** Air dried sample 
T AFTER 12 
CYCLES AT 
255 IDlJ A be, mm- 1 b, g/mg-mm 
0.670 0.174 0.174 0.903** 
0.623 0.206 0.206 0.834* 
0.600 0.222 0.222 0. 824* 
0.545 0.264 0.264 0.804* 











COMPARISON OF UV RESULTS FOR METHANOL AFTER 16 CYCLES 
FREEZE % 
DRY TIME RESIDUAL 
SOLVENT HOURS MOISTURE 
Methanol 12 28.2 
Methanol 16 14.1 
Methanol 21 6.2 
Methanol 24 3.1 
Methanol** 115 7.2 
* Calculated after 80 cycles 
** Air Dried Sample 
T AFTER 16 
CYCLES AT 
220 m~ A be, mm- 1 b, g/mg-mm 
0.375 0.426 0.426 0.696* 
0.338 0.471 0.471 0.706* 
0.308 0.511 0.511 0.691* 
0.290 0.538 0.538 0.689* 










appears to remain constant for a given extraction (regard-
less of the number of cycles) and is also a function of 
the residual moisture of the carbon. 
D. SOLVENT SELECTION 
The work to this point has led to the establishment 
of procedures which give reproducible values for the drying 
of carbon and the solvent elution of adsorbed materials 
from the dried carbon. The remainder of the work will be 
devoted to utilizing these methods with selected solvents 
for qualitative analyses of the extracts. 
In contrast to the bulk of reported work involving 
the extraction of adsorbed organic materials from carbon, 
the selection and evaluation of solvents in this study 
is based on two parameters, solubility parameter and hydro-
gen bonding index. These parameters were used for the 
initial selection of solvents and are reviewed briefly. 
1. Solubility Parameter 
The solubility parameter, as defined by Hildebrand, <43 ) 
is related to the free energy change on mixing a solvent 
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and solute. The heat of mixing term, ~H, in the free energy 









total volume of mixture 
energy of vaporization of component 1 or 2 
molar volume of component 1 or 2 
volume fraction of component 1 or 2 
[l] 
The term, ~:, the energy of vaporization per unit 
volume, is a measure of the cohesive energy density or 
internal pressure of a substance. The solubility parameter, 
o, is defined as the square root of the cohesive energy 
density: 
0 = ~ [2] 
where: V = molecular weight/density (molar volume) 
2. Hydrogen Bonding Index 
An important consideration in determining solute solu-
bility appears to be the hydrogen bonding capacity of the 
solvent. Burrell( 44 r 45 ) has shown that if solvents are 
classified into groups according to their hydrogen bond-
ing capacity, correlation between solubility parameter 
and solvent is sufficiently close within a given solvent 
class to be of practical value in predicting solubilities. 
Burrell's classification is as follows: 
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Class I - Poorly Hydrogen Bonded 
(includes aromatic, aliphatic, 
chlorinated, and nitro-hydrocarbons) 
Class II - Moderately Hydrogen Bonded 
(includes ethers, esters, ether-
alcohols, and ketones) 
Class III - Strongly Hydrogen Bonded 
(includes alcohols, amines, acids) 
Recent publications( 46 ' 47 ) have shown that assigning 
a numerical value for the H-bonding capacity of a solvent 
permits a simple and convenient graphical approach to 
solubility prediction. A convenient scale runs from 
1.0 for poorly H-bonded solvents to 10.0 for solvents 
of maximum H-bonding capacity. The hydrogen bonding index, 






1.0 - 2.5 
2.5 - 5.5 
5.5 - 10.0 
These values can be further refined experimentally. 
3. Initial Solvent Extractions 
After comparing o, y, boiling point, and heat of 
vaporization for numerous solvents, nine were selected 
for initial extraction with one of the 12 batches of 
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carbon. The list of solvents and their parameters are in-
cluded in Table XI. As the solute matrix to be eluted 
from the carbon consists of unknown compounds, a wide 
range of solvents and solvent properties were selected 
in order to minimize the possibility of not extracting all 
compounds. Carbon Batch #3 was selected as all previous 
work was done with this batch. Initial sample weights 
of 130 grams each of wet carbon were freeze dried 24 hours. 
The dried carbon was extracted with one of the solvents 
for a minimum of 80 cycles following the procedure des-
cribed earlier. 
After extraction, each of the solutions was distilled 
at atmospheric pressure to remove the bulk of the solvent 
until a volume of approximately 20 milliliters remained. 
The remaining free solvent was removed by evaporation 
in air at ambient conditions. 
4. Solvent Evaluations 
The solvents selected for further use were those 
which extracted the apparent surface active or foaming 
agents from the carbon. Surface tension and foam analyses 
of concentrated aqueous solutions of the extracts were 




INITIAL SELECTION OF SOLVENTS 
b c 
t.Hv' t.Hv, oa ya Tbp PLiq. SOLVENT cal/g cal/ml 
Acetone 10.0 5.9 56.6 0.792 123.5 97.8 
Benzene 9.2 2.6 80.1 0.879 94.1 82.7 
Cellosolve 
Acetate 8.7 6.5 156.3 0.975 
Chloroform 9.3 2.5 61.2 1. 489 59.0 87.9 
Ethanol 12.8 8.5 78.5 0.789 204.3 161.0 
Ether 7.4 5.5 34.6 0.708 83.9 59.4 
Formamide 19.2 8.5 193.0 1.139 
n-Hexane 7.3 2.1 69.0 0.659 89.1 58.7 
Methanol 14.5 8.5 64.7 0.792 262.8 208.0 
a Reference (48) 
b T = normal boiling point oc 
a. Surface Tension Analysis 
Six extracts from the nine initial solvents selected 
for extraction with Batch #3 carbon were used in the sur-
face tension analysis. Aqueous solutions were prepared 
by blending separate 0.01-gram portions of solvent-free 
extracted materials into 100-milliliter aliquots of dis-
tilled water using a blender for two minutes. The solu-
tions were not used for 24 hours after preparation to 
permit them to approach equilibrium. All solutions were 
prepared from the same container of distilled water which 
had a surface tension of 73.2 dynes/centimeter at 22°C. 
All measurements were made at this temperature using a 
Fisher "Tensiomat" in the semi-automatic mode described 
in the operating manua1( 49 ) with a six-centimeter platinum 
ring. All surface tension values are instrument readings 
and are not corrected to absolute ·iTalues as only relative 
differences in values are being considered. 
The procedure used for each solution was to vigor-
ously agitate the solution in its bottle before trans-
ferring to a clean 100-milliliter beaker. The beakers 
were kept in a sulfuric acid-dichromate solution and 
rinsed with tap water and distilled water just prior to 
usage. A timer was started at the time of transfer in 
order to obtain readings as a function of time. 
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Initial surface tension measurements of each solution 
as a function of time were made by positioning the ring on 
the liquid surface in the shortest possible time after 
transfer and immediately returning the ring to the surface 
for another measurement after obtaining a value. This 
method yielded essentially constant respective minimum 
surface tension values for each solution. 
The surface tensions were remeasured following the 
same procedure except that the ring was "cleaned" in a 
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flame before returning it to the surface. Chemical cleaning 
of the ring showed no change in the observed phenomena. 
For each solution the surface tension increased from a 
repeatable minimum value (not necessarily the same as with 
the first method) to a constant, repeatable maximum value 
lower than that for the distilled water. The values for 
the six solutions are shown in Figure 16. The two end 
points could be duplicated from trial to trail, however, 
the intermediate values could not be reproduced at the 
same times. If the method of measurement were changed to 
returning the ring to the surface without cleaning at any 
point above the minimum value, including the maximum value, 
the surface tension was observed to decrease gradually. 
Given sufficient time, the surface tension should de-
crease to the minimum value as that value is immediately 
achieved if the surface is destroyed by agitation. 
b. Foam Analysis 
As the surface tension analysis was inconclusive, if 
not baffling, another means was required for selection of 
those solvents which extracted the surface active agents 
from the carbon. As agitation of lowered surface tension 
solutions generally result in foaming, a complementary check 
of the surface tension results was made by comparing the 
relative foam stabilities of the solutions. The solutions 
were each vigorously shaken (in bottles) for one minute, 
and the times for the resulting foams to dissipate were 
measured. A relative evaluation of the foams was used 
with the most durable foam being ranked number one, etc. 
The solvent extracts used and the results of these in-
vestigations are summarized in Table XII. Ethanol and 
chloroform were selected because of the wide surface ten-
sion limits and relatively good foaming tendencies. 
Acetone was selected because of the relatively good foam-
ing and the rapid rate of surface tension increase in 
comparison with the other solvents. While having very 
poor foaming characteristics, ether was selected as the 
fourth solvent because of the extremely low value of the 




SURFACE TENSION AND FOAMING RESULTS FOR SELECTED SOLVENTS 
FOAM 
SOLVENT EVALUATION* cr LIMITS SELECTED 
Acetone 2-3 63.9-72.4 yes 
Benzene 4 6 3. 4-6 8. 0 no 
Chloroform 2-3 56.0-70.0 yes 
Ethanol 1 53.0-71.2 yes 
Ether 5 54.4-63.2 yes 
Formamide-reaction occurred during extraction no 
n-Hexane did not extract enough material no 
Methanol 6 70-4-72.9 no 
*Relative evaluation with 1 having most durable foam. 
E. GENERAL EXTRACTION 
Four 130-gram samples from each of the 12 batches of 
carbon were freeze dried for 24 hours and extracted with 
one of the selected solvents using the procedure and quan-
tities described previously. A known weight of each of 
the final solutions was evaporated to constant weight under 
ambient conditions in order to obtain comparative quantita-
tive data for the carbon batches. The final solutions were 
distilled to a volume of approximately 20 milliliters to 
concentrate the extracted organics. The quantitative data 
are summarized in Table XIII. An examination of these 
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data reveals that ethanol generally extracted the most 
material followed by acetone, chloroform, and ether, 
respectively. A correlation of these solvents with the 
solubility parameter {o) shows a similar decrease with 
materials extracted. A discussion of the possible ex-
planations for this trend will be included in Section IV. 
F. GAS CHROMATOGRAPHIC SEPARATION 
Following extraction of materials from each of the 
12 batches with acetone, chloroform, ethanol, and ether, 
respectively, the four extracts from Batch #3 were selected 
for initial investigation with the gas chromatograph. 
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TABLE XIII. 




mg EXTRACT TOTAL ll-gm EXTRACT 
BATCH DATE SOLVENT gm SOLVENT mg EXTRACT 5l, H2o 
1 6/68 1 6.95 1266. 1133. 
2 7/68 1 1.67 331. 538. 
3 8/68 1 2.45 447. 670. 
4 9/68 1 4.67 647. 866. 
5 10/68 1 0.12 20. 62. 
6 11/68 1 0.58 96. 204. 
7 12/68 1 1. 39 226. 358. 
8 1/69 1 2.88 559. 731. 
9 2/69 1 0.83 132. 1076. 
10 3/69 1 0.14 24. 52. 
11 4/69 1 0.69 114. 2 30. 
12 5/69 1 0.07 11. 21. 
------------------------------------------------------------
1 6/68 2 1.74 347. 310. 
2 7/68 2 0.33 90. 145. 
3 8/68 2 0.68 169. 253. 
4 9/68 2 1.42 376. 50 3. 
5 10/68 2 0.03 7. 20. 
6 11/68 2 0.07 17. 37. 
7 12/68 2 0.14 31. 207. 
8 1/69 2 0.73 201. 714. 
(continued on next page) 
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TABLE XIII. (CONTINUED) 




mg EXTRACT TOTAL ]...1-gm EXTRACT 
BATCH DATE SOLVENT gm SOLVENT mg EXTRACT I H20 
9 2/69 2 0.14 36. 296. 
10 3/69 2 0.01 2. 5. 
11 4/69 2 0.18 4 7. 95. 
12 5/69 2 0.003 1. 1. 
-------------------------------------------------------------
1 6/68 3 3.37 650. 582. 
2 7/68 3 3.13 617. 1003. 
3 8/68 3 2.58 452. 676. 
4 9/68 3 2.95 488. 653. 
5 10/68 3 0.15 29. 87. 
6 11/68 3 0.41 73. 156. 
7 12/68 3 0. 72 147. 233. 
8 1/69 3 4.08 740. 969. 
9 2/69 3 0.29 53. 435. 
10 3/69 3 0. 31 55. 119. 
11 4/69 3 0.67 132. 266. 
12 5/69 3 0.09 17. 31. 
-------------------------------------------------------------
1 6/68 4 1.01 144. 128. 
2 7/68 4 0.36 63. 102. 
3 8/68 4 0.44 63. 94. 
(continued on next page) 
74 
TABLE XIII. (CONTINUED) 




m~ EXTRACT TOTAL ll-gm EXTRACT 
BATCH DATE SOLVENT gm SOLVENT mg EXTRACT 
4 9/68 4 1. 03 153. 
5 10/68 4 0.04 4. 
6 11/68 4 0.07 9. 
7 12/68 4 0.21 22. 
8 1/69 4 1.23 157. 
9 2/69 4 0.05 8. 
10 3/69 4 0.05 7. 
11 4/69 4 0.14 18. 
12 5/69 4 0.04 4. 
a For additional information concerning the carbon 




liter of water processed through filter 


















A Victoreen Model 4000-14 gas chromatograph equipped with 
a dual flame ionization detector and an electrometer 
with a maximum sensitivity of 1 x l0-13 amp was employed 
for all chromatographic analyses. A Texas Instrument 
recorder (Servo-Riter II} with a one millivolt full 
scale range was coupled to the electrometer for recording 
the chromatograms. 
1. Selection of Packings 
Four packings were selected for investigation based 
(19 23 24 25} . . 
on work by others ' ' ' 1n the organ1c pollu-
tion area. The packings are listed in Table XIV with 
their respective polarities and upper temperature limits. 
2. Analysis of Methods 
Both aqueous and solvent injection methods were 
investigated. In each case, 1/8-inch packed columns 
ten feet in length were used. The columns were condi-
tioned at their respective maximum operating tempera-
tures with a helium purge for 24 hours before use. 
Only polar packings could be used with aqueous 
injection as the non-polar substrates tended to "bleed" 
excessively. The aqueous solutions were prepared by 
blending 0.01 gram of a Batch #3 extract in 100 milliliters 
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TABLE XIV 
GAS CHROMATOGRAPH COLUMN PACKINGS 
PACKING LIQUID PHASE 
10% FFAP on 60/80 Chrom W Free Fatty Acid Phase 
10% GP-6 on 60/80 Chrom W Apiezon L 
10% GP-88 on 60/80 Chrom W Silicon Gum Rubber 

















of distilled water, then filtering to remove any remain-
ing solids. A one-microliter injection at an electro-
meter sensitivity of l x l0- 11 amp gave no trace of 
organics with either polar substrate. 
Solvent injection was investigated using the 
Batch #3 chloroform extract. Of the four packings, 
only the Carbowax 20M-TPA gave sufficient resolution 
and separation of constituents. The next step was to 
inject samples of the other three extracts under the 
same conditions in order to obtain chromatograms for 
comparison, however, the acetone and ethanol would not 
elute within four minutes at the initial temperature 
In order to correct this situation, all of 
the extracts were redissolved in chloroform, which 
would also negate any solvent effects from extract to 
extract. Visual observation of the three extracts re-
dissolved in chloroform revealed no trace of undissolved 
solids. The final optimum procedure for separation of 
the extract constituents dissolved in chloroform is 
tabulated below: 
Packing 




He flow rate 
Effluent split ratio 





lO% Carbowax 20M-TPA 
lO feet x l/8-inch 
Dual flame ionization 
Dual column 









3. Selection of Batches for Investigation 
The extracts from three batches were selected for 
chromatographic analysis. Batch #3 was used as there 
had been very little carryover at SRP while the carbon 
was onstream. Batch #8 extracts were selected because 
of high carryover at SRP. Batch #9 extracts were selected 
as the carbon had been placed onstream only during a 
period of severe carryover. Each of the extracts was 
dissolved in approximately 1/4 milliliter of chloroform, 
and one-microliter samples were injected into the chromato-
graph using the optimum procedure specified earlier. The 
chromatograms are presented in Figures 17 through 19 for 
Batch Numbers 3, 8, and 9 extracts, respectively. The 
initial four-minute 75°C constant temperature period for 
each chromatogram is not included as only chloroform was 
eluted during this period. 
4. Selection of GC Peaks for Analysis 
Examination of the chromatograms revealed two facts 
about certain peaks based on constituent retention times. 
(1) For any given batch, there were several constituents 
which appeared in all extracts (except the ether extract) 
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FIGURE 17: Chromatograms of Batch 3 Extracts Dissolved in Chloroform 
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FIGURE 18: Chromatograms of Batch 8 Extracts Dissolved in Chloroform 
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FIGURE 19: Chromatograms of Batch 9 Extracts Dissolved in Chloroform 
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ether extract, but not in sufficient quantity to be detected. 
(2) For any given solvent, there were several constituents 
which appeared in each of the three batches. Recalling 
that the aqueous solutions of ethanol, acetone, and chloro-
form extracts foamed more than the ether extract, peaks 
were selected for analysis which satisfied the two criteria 
listed above, but which did not appear in the ether extracts. 
With these criteria, 11 peaks were selected for further 
analysis by mass spectrometry. The retention times of 
the peaks in the acetone, chloroform, and ethanol extracts 
are listed in Table XV. 
G. MASS SPECTROMETRIC ANALYSIS 
The Batch 8 acetone, chloroform, and ethanol extracts 
were sent to Dr. K. Ray Burson at Texas Instruments, Inc. 
in Dallas, Texas for mass spectrometric analysis. A match-
ed pair of 10-foot columns packed with Carbowax 20M-TPA 
and chromatograms of the three extracts indicating which 
peaks to be scanned were also included, along with instruc-
tions for the chromatographic separations. The mass spectro-
metric operating conditions in all cases were specified as 
follows: 
1. an ionizing voltage of 70 electron volts, 
2. scans made in two to three seconds covering 
a mass range from 2 to about 200, 
ACETONE SOLUTION 
TIME 












RETENTION TIMES OF SELECTED PEAKS 
CHLOROFORM SOLUTION 
TIME 

























3. source slit set at 200 microns, 
4. collector slit set at 150 microns. 
These conditions resulted in resolution of less than 600. 
All of the scans were made as the component was eluted 
from the column and passed through the helium separator. 
An initial examination of the mass spectra of peaks 
with equivalent chromatograph retention times in the three 
solvent extracts revealed the constituents to be the same 
in each extract. A mass spectrum should be taken at the 
same instrument settings just before obtaining a spectrum 
of the eluted peak. This spectrum will give the "back-
ground" to be subtracted from the spectrum of the eluted 
peak. In this case, several background scans were taken 
at various points during the program to help in correcting 
for any column bleed. As background scans were not taken 
before each peak to be scanned in all three extracts, the 
spectra selected for analyses were the ones with good 
background spectra to be subtracted. The positions at 
which background scans were taken are marked with arrows 
on the chromatograms in Figure 18. The spectra were 
tabulated and are graphically presented in Figures 20 
through 30 in the classical normalized manner in which 
the most intense peak, called the base peak, is assigned 
a value of 100 percent and the intensities of the peaks 
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FIGURE 30: Mass Spectrum of Ethanol Extract Peak 10 1.0 
V1 
The experimental spectra were compared with reported 
spectra in three compilations. <50 , 51 , 52 > The American 
Petroleum Institute (API) compilation( 50) and the Thermo-
dynamicsResearch Center (TRC) compilation(5 l) listed 
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every peak in the spectrum for a compound, whereas the Cornu 
and Massot compilation(52 ) listed the 10 major peaks of a 
compound. Each compilation was cross-referenced between 
structural formulas and compound names, and the Cornu and 
Massot compilation<52 ) was further cross-referenced to 
include base peaks and parent peaks. 
Other attempts were made to isolate the specific 
compounds from the extracts for mass spectrometer identi-
fication. The following technique proved to be less suc-
cessful than the combined gas chromatographic - mass 
spectrometric reported above. 
(1) Separation of the extracts by thin film chroma-
tography, 
(2) Solvent controlled precipitation and recrystal-
lization of the bulk extracts and 
(3) chromatographic separation of the precipitates 
where the effluents from the various peaks were 
trapped for more spectrometric analyses, 
{4) fractionation of the bulk extracts directly 
into the mass spectrometer. 
The particulars of these experiments will not be discussed 
further. 
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IV. DISCUSSION AND CONCLUSIONS 
The following section will be utilized to unite the 
results and observations of this investigation. Six major 
areas will be discussed: (A) drying-extraction efficiencies, 
(B) total quantities extracted, (C) gas chromatograph -
mass spectrometer results, and (D) analysis of SRP water 
treatment. General concl usi·ons will be presented at the 
end of each section. 
A. DRYING-EXTRACTION EFFICIENCIES 
During the conception of this investigation, it was 
assumed that satisfactory standard analytical procedures 
had been developed and had been proven satisfactory for 
the efficient drying of carbon and subsequent extraction of 
the adsorbed organic compounds. A review of the litera-
ture showed this was not the case. An important part of 
this investigation was the determination of parameters 
which affect drying and extraction of organic materials 
from carbon and the magnitudes of these effects. 
1. Drying Methods 
When working with known materials, the desorption 
phenomena of organic materials from carbon is difficult, at 
best, to quantitize because of the large number of para-
meters which can affect the experimentation. In most 
instances where water has acted as a carrier during the ad-
sorption process, an attempt is made to remove as much 
water as possible prior to extraction. One must be con-
cerned, where even semi-quantitative results are desired, 
that the materials adsorbed are not lost during the 
drying process. For this reason, ambient temperature air 
drying has become an accepted procedure. Depending upon 
the drying temperature, time, air flow rate, and bed depth, 
carbon can retain copious quantities of water (and yet 
appear dry to the touch) as evidenced by Figures 5 through 
8. With the freeze drying and vacuum evaporation methods 
reported here, it still was not possible to remove all of 
the water from the carbon samples. The results presented 
in Figures 2 and 3 show that freeze drying and rotary 
evaporation methods, however, are capable of removing con-
siderably more water from the carbon in a given period 
of time than ambient temperature air drying and that the 
final moisture content of the carbon is lowest with the 
freeze drying technique. Even at the pseudo-equilibrium 
conditions established in the freeze dryer, about two 
percent water remains adsorbed in the carbon, which means 
that there is as much or more water on the carbon as 
adsorbed organic materials. Furthermore, with both the 
freeze drying and rotary flash evaporation, the initial 
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temperature of the carbon is much lower (-60°C) than 
ambient temperature, .which presented little danger of 
degradation or loss of adsorbed materials. With the par-
ticular samples being investigated, there was no evidence 
of loss of anything but water during the various drying 
procedures. There is no convenient method for determining 
if organic materials are lost during ambient air drying. 
However, consideration should always be given to this prob-
lem prior to solvent extraction. 
Based on the results of the drying experiments, it 
can be concluded that: 
(1) Freeze drying carbon leads to the lowest repro-
ducible amount of residual moisture (approxi-
mately two percent) in a 24-hour period without 
gross loss of the adsorbed materials. 
(2) Vacuum rotary flash evaporation also gives con-
sistent, reproducible results, but the minimum 
residual moisture (approximately seven percent) 
is not as low as with freeze drying. 
(3) Air drying results, at best, are difficult to 
reproduce, and the possibility of gross loss of 
adsorbed high vapor pressure organic constituents 
is much greater than with either of the other 
methods. As much as 25-40 percent residual 
moisture can remain in the carbon after five days 
of ambient air drying. 
202283 . 
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2. Extraction Method 
The effects on the extraction efficiencies of residual 
moisture on carbon and other parameters were investigated 
with a water-miscible solvent (methanol) and a water-
immiscible solvent (chloroform). It was found in both cases 
that more total organic materials were extracted from a 
given amount of carbon as the residual moisture decreased. 
As shown in Figures 12 and 15, the relative chloroform 
extraction efficiency increased linearly about 18 percent 
as the residual water content of the carbon decreased 
from 25 to 2 percent. The relative methanol extraction 
efficiency increased ten percent over the same range with 
a sharp upward trend as the residual moisture decreased 
from four to two percent. It is interesting to note that 
methanol extracted up to two times as much material as 
the chloroform on an absolute basis, yet chloroform is 
the solvent selected by the USPHS for the quantitative 
analysis of organic materials in drinking waters. 
The national standard procedure for the Carbon 
Chloroform Extract(l2 ) suggests an arbitrary variable 
transformer (110 volts, 60 cycle AC) setting of 80 percent 
power to the heating mantle on the boiling flask. While 
the Soxhlet cycle rate is a direct function of the power 
input to the heating mantle, the temperature of the inner 
glass surface of the flask must also increase as shown in 
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Table VI. As the power setting is increased, the probabil-
ity of thermal degradation of the desorbed materials as 
they contact the glass surface must increase. This is 
verified in Table VI which shows that when the variac 
setting is increased from 40 to 80 (using chlorofrom, 
normal boiling point = 61.2°C, ~H = 59 cal/g) the wall 
vap 
temperature of the flask increases from ll7°C to 250°C. For 
methanol (normal boiling point= 64.7, ~H = 262.8 cal/g), 
vap 
when the variac setting is increased crom 40 to 80, the 
wall temperature of the flask increased from 135°C to 
233°C. Table VII shows that the angular velocity of the 
stirrer has little effect on the wall temperature of the 
flask. Therefore, an optimum power setting should be 
selected for each solvent which will give a suitable cycle 
rate yet minimize degradation of the desorbed materials. 
A variac setting to give a temperature at the glass sur-
face about 40°C above the normal boiling point of the sol-
vent has been found to meet this requirement. 
B. TOTAL QUANTITIES EXTRACTED 
As stated previously, the amount of organic materials 
extracted increases as the amount of residual moisture on 
the carbon decreases. However, when constant weight is 
obtained during carbon drying, at least as much water as 
adsorbed organic material remains on the carbon. The 
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mechanism by which this residual moisture affects inter-
action between the solvent and a single adsorbed organic 
material has been shown to be complex. (SJ) Furthermore, 
when comparing solvent elutions of a mixture of unknown 
organic compounds, it cannot be assumed that all solvents 
extract the same amounts of a given species. 
In the evaluation of the nine initial solvents listed 
in order of decreasing solubility parameter (formamide, 
methanol, ethanol, acetone, chloroform, benzene, cellosolve 
acetate, ether, and n-hexane), the nonpolar solvents either 
did not extract any materials from the carbon or very 
little was extracted. Normal hexane did not yield enough 
extract for evaluation, and the benzene extract was rela-
tively small in quantity. 
A series of surface tension and foaming characteristic 
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tests summarized in Table XII indicated that acetone, chloro-
form, and ethanol extracted more materials having surfactant 
properties than the other solvents. Since it was believed 
that trace quantities of organic surfactants were causing 
the carryover problem, these solvents were used throughout 
the bulk of this investigation. 
The data presented in Table XIII represent the extrac-
tion of carbon samples from batches which were obtained 
at monthly intervals over a one year period. Prior to 
extraction, these carbons were all dried to the same mois-
ture content and since all experimental parameters were the 
same, .the differences in the quantities of organic mater-
ials extracted for any given batch can be attributed to 
differences in solvent properties. The numerical results 
for the various time periods were checked against plant 
operations records. Specific correlations could not be 
made due to changes in the river water quality along with 
plant water treatment variances, ie., heavy rains causing 
high turbidity in the raw process water, precipitator 
bed upsets, mud removal from sedimentation basins, etc. 
It can be seen readily that the concentration of 
(extract)/(liter of water filtered) extracted from any 
given batch of carbon depends upon the extraction solvent 
used. Further, the concentration of (extract)/(liter of 
water filtered) using the same extraction solvent for 
the different batches varies from month to month as indi-
cated by the variances obtained at SRP. It is obvious 
that the results from any extraction procedure used de-
pends on the amount of water remaining on the carbon. 
Erroneous results also can be obtained when only one sol-
vent is used. For example, the results from Batch 9 
show that there was about 16 times more organic material 
extracted with acetone than with ethyl ether, about 3.5 
times as compared with chloroform and about two times as 
compared with ethanol. These results indicate that during 
the time period when Batch 9 was collected there were more 
materials which were acetone soluble than in other time 
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periods. However, in other time periods, materials 
more soluble in ethanol were predominant. 
It is again interesting to note that the amount of 
organic materials extracted with chloroform (the solvent 
specified in theCCEmethod) is lower in all cases than 
the amounts of materials extracted with either acetone or 
ethanol. These results coupled with the drying procedures 
justify questioning the CCE method as a standard technique 
for the determination of acceptable amounts of organic 
matter in drinking water. 
C. GAS CHROMATOGRAPH - MASS SPECTROMETER RESULTS 
The acetone, ethanol, and chloroform extracts were 
analyzed by gas chromatography. In order to examine the 
relative amounts of compounds common to the ethanol, ace-
tone, and chlorofrom extracts, the areas of those peaks 
on the chromatograms (which were selected for mass spectra 
examination) were measured with a planimeter. The abso-
lute area of a given peak could not be measured as the 
baseline could not be accurately determined. Relative 
areas of a given constituent were obtained by selecting 
a common baseline for the three chromatograms as shown by 
the dashed line in the Batch 8 ethanol chromatogram in 
Figure 18. Relative amounts of common materials were 
compared by normalizing the measured areas about the 
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chloroform extract 9 peak, subsequently identified as 
E-Caprolactarn. This peak was selected as it was on the 
baseline of all three extract chromatograms. The measured 
and normalized areas of the equivalent peaks are listed 
in Table XVI. These results are consistent with the data 
presented in Table XIII. It should be noted that acetone 
extracted one material from Batch 3 that was not detect-
able in the extracts from ethanol or chloroform. Also, 
• 
one material was extracted with ethanol that was not de-
tectable in the extracts from acetone or chloroform. 
Once more, if either of these materials were a health 
hazard, the standard chloroform method would not have 
detected them. 
The peaks listed in Table XVII were subjected to 
mass spectrometer analyses. Comparison of the experi-
mental mass spectra shown in Figures 20-30 with compila-
(50 51 52) tions of reported spectra ' ' resulted in the 
positive identification of only one compound. The corn-
pound was E-Caprolactarn (6-arnino hexanoic acid lactarn), 
which is the peak with the greatest retention time listed 
in Table XV. The mass spectrum is shown in Figure 30. 
A sample of E-Caprolactarn dissolved in chloroform was 
analyzed with the gas chromatograph and had the same 
retention time, thus confirming the identification. 
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The mass spectrum of acetone extract peak 1 (Figure 20) 
had a relatively intense peak at M/e of 98 which is 
TABLE XVI. 
MEASURED AND NORMALIZED EQUIVALENT PEAK AREAS FOR SOLVENT EXTRACTS 
PEAK MEASURED NORMALIZED PEAK MEASURED NORMALIZED PEAK MEASURED 
NO. AREA, IN. 2 AREA, IN. 2 NO. AREA, IN. 2 AREA, IN. 2 NO. AREA, IN. 2 
1* 2.38 
1 0.21 0.21 I 1 0.31 0.60 2* 2. 91 
2* 1.11 1.11 I 2 0.52 1.00 3 0.78 
3 0.50 0.50 I 3 0.37 0.71 4 0.49 
4 0.59 0.59 I 4 0.50 0.96 5 0.59 
5 0.57 0.57 5 0.52 1.00 6 0.46 
6 0.41 0.41 6 0.46 0.89 7 0.46 
7 0.69 1. 33 
7* 1.96 1.96 I 8* 2.27 4.37 8* 2.27 
8 0.55 0.55 I 9 0.65 1.25 9 0.55 
9 2.56 2.56 I 10 1. 33 2.56 I 10 1.52 
* Peaks were offscale and areas are extrapolated values. 
NORMALIZED 















indicative of a furan derivative with a structural formula 
(54) 
of c5H6o2 • A comparison of physical properties for 
compounds with this formula and a molecular weight of 98 
indicated the compound most likely to be 2-methoxy furan. <55 ) 
As a mass spectrum of the compound is not reported in the 
compilations and could not be found in the literature, a 
spectrographic grade sample was purchased from Aldrich 
Chemical Supply for analysis. The chromatograph retention 
time of the compound dissolved in chloroform was identical 
to the unknown. A mass spectrum of a sample of 2-methoxy 
furan was obtained with a Nuclide mass spectrometer Model 
HT-90 at the Graduate Center for Materials Research. Com-
parison of this spectrum with the spectrum of acetone 
peak 1 revealed identical major peaks, though not in the 
same relative intensities. This difference can be ex-
plained on the basis of two different instruments being 
used to obtain the spectra. Based on these two pieces of 
evidence, .the compound could be identified as 2-methoxy 
fur an. 
No further compounds could be identified with the re-
maining mass spectra because identical spectra were not 
reported and/or the experimental mass spectra were not of 
pure compounds. An indication of the types of compounds 
scanned could be 'made for several of the spectra by the 
assignment of the most probable parent peak and an 
"bl W1."th analysis of the fragmentation pattern where poss1. e. 
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the exception of Figure 21, none of the spectra have major 
peaks at M/e 77, 78 and 79, which indicate aromaticity. 
The mass spectrum of acetone extract peak 9 (Figure 20) 
is for a mixture of compounds. However, a terpene structure 
is possible because of the presence of peaks at M/e 93 
and 121. (54 ) 
The mass spectrum of chloroform extract peak 1 
(Figure 22) has the characteristic fragmentation pattern 
for an aliphatic ketone if the parent peak is selected 
as M/e 101. (54 ) A possible structural formula is 
c5 H7-co-c2H5 ; however, a mass spectrum for this structure 
was not found in the literature. 
With the assignment of a parent peak of mass 100, the 
mass spectrum of chloroform extract peak 2 (Figure 23) 
has a fragmentation pattern of a primary alcohol containing 
branched methyl groups and/or double bonding. (54 ) Several 
of the spectra (Figures 24, 26, 27, and 28) have peaks at 
M/e 81, 95, or 98, which indicate furan structures. <54 > 
When one considers the two basic industries common 
to the Central Savannah River Area of South Carolina, 
paper and textile, the appearance of furans, terpenes, 
alcohols, ketones and E-Caprolactam is understandable. 
An attempt was made to correlate the findings of this 
work with properties of the solvents used for extraction 
(solubility parameter, hydrogen bonding index, boiling 
point, heat of vaporization, entropy of vaporization, and 
dielectric constant). This information is 
summarized in Table XVII. The entropy of vaporization, 






The solubility parameter and ~s increase with in-
vap 
creasing quantities extracted. Trouton•s Rule states that 
~S for nonpolar solvents is approximately 21 cal/mole-K 0 • vap 
Thus, the increasing ~S is consistent with an increase vap 
in solvent polarity going from ether to ethanol. 
The dielectric constant may be an influential factor 
in extracting materials adsorbed on the surface of carbon. 
Examination of the dielectric constants for the solvents 
reveals an increase with quantity extracted in the same 
order as the ethanol-acetone and chloroform-ether solvent 
groupings. Subsequent work by Pahl, et. al. (S 3 } with 
phenol and various solvents showed that only these general-
izations are possible for the systems used in this investi-
gation. 
The author would be remiss if he did not point out that 
water pollution has become a national tragedy because it 
is tolerated and because there are presently no adequate 
standardized methods or permissable limits. Only the 
legislators can correct the first problem. The results and 
conclusions drawn from this investigation will not, in 
itself, bring about any changes in national standards: 
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TABLE XVII. 
COMPARISON OF SOLVENT PROPERTIES 
RELATIVE 
AMOUNT BOILING HEAT OF ENTROPY OF 
MATERIALS SOLUBILITY H-BONDING POINT VAPORIZATION VAPORIZATION DIELECTRIC 
SOLVENT EXTRACTED* PARAMETER** INDEX** OK *** CAL/MOLE*** CAL/MOLE-°K CONSTANT*** 
Ethanol 1 12.8 8.5 351.5 9400 27.8 24.3 
Acetone 2 10.0 5.9 329.5 7170 21.7 20.7 
Chloroform 3 9.3 2.5 334.2 6960 20.8 4.8 
Ether 4 7.4 5.5 307.6 6205 20.2 4.3 
* See Table XIII for extracted quantities. Numbers 1 through 4 indicate decreasing amounts 
extracted. 
** See Reference 48 




however, it is hoped they will provide the needed impetus 
for other investigators in the area of water pollution 
to examine closely present procedures for the drying and 
extraction of carbon. 
D. ANALYSIS OF SRP WATER TREATMENT 
Treatment of the incoming raw water from the Savannah 
River consists of the following steps: 
1. primary sedimentation 
2. coagulation/flocculation with alum 
3. precipitation 
4. filtration 
5. pH adjustment with H2so4 
6. deaeration 
7. pH adjustment with NaOH 
A description of the process involved in each of these 
steps at SRP follows. 
1. Primary Sedimentation 
Sedimentation is the process which permits the set-
tlin'g of suspended substances from water. The main pur-
pose of the primary sedimentation step is to begin clari-
fication of the raw river water by permitting the settling 
of suspended matter and consequent reduction in turbidity. 
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Suspended solids of low density or those of fine particle 
size cannot be removed by sedimentation within a reasonable 
-
period of time. In such cases, chemical coagulation is 
necessary to increase the size of the particles and render 
them more easily settleable. 
2. Coagulation/Flocculation with Alum 
Coagulation is that process whereby finely divided 
particles of turbidity and color, capable of remaining in 
suspension indefinitely, are combined by chemical means 
into masses sufficiently large to permit rapid settling. 
Flocculation, as practiced in water treatment, is the 
further increase in size and volume of the precipitate 
by bringing together by gentle agitation of the water a 
number of the individual precipitated hydrous oxide parti-
cles with enmeshed turbidity to form larger and more 
readily settleable masses. 
Alum, Al2 (so4 ) 3 • 18 H2o, is used for coagulation at 
the SRP o2o production area water treatment plant. Im-
purity specifications of the alum require a maximum of 
8.3 percent Al2o3 , 0.30 percent water insoluble substances, 
and 0.35 percent iron as Fe. Alum is added to the river 
water by SRP personnel at a concentration of 18 - 36 ppm, 
depending upon incoming river water turbidity. The alum 
reacts with either natural or added alkalinity to produce 
a floc of Al(OH) 3 as illustrated in the following 
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simplified reactions: 
Al 2 (so4 ) 3 + Ca(HC0 3 ) 2 -:: 2 Al(OH) 3+ + 3 Caso 4 + 6 co2 
Al2 (so 4 ) 3 + 3 Na2co 3 + 3 H20 t 2 Al(OH) 3+ + 3 Na2so4 
+ 3 C02 
Al2 (so 4 ) 3 + 3 Ca(OH) 2 ~ 2 Al(OH) 3+ + 3 Caso4 
The suspended turbidity particles, bacteria, microorganisms, 
etc., become enmeshed by the floc. 
3. Precipitation 
After agitation and floc formation, the treated water 
is passed into precipitators which provide the retention 
time for the particles to settle. 
4. Filtration 
Filtration is the process of passing a liquid contain-
ing suspended matter through a suitable porous material 
in such manner as to effectively remove the suspended 
matter from the liquid. Clarified water from the precipi-
tators at SRP is passed through sand filters to remove any 
small floc which did not precipitate. 
s. pH Adjustment with Sulfuric Acid 
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Sulfuric acid is added to the water to lower the pH 
to approximately 4.0 before deaeration. 
6. Deaeration 
Carbon dioxide and oxygen are removed from the acidi-
fied water by mechanical deaeration in order to reduce 
corrosion problems with the steel process vessels. 
7. pH Adjustment with Sodium Hydroxide 
Sodium hydroxide is injected into the deaerated water 
to increase the pH to 6.0 - 6.5 before use in the process. 
8. Phenomena Causing and Observations During Carryover 
A review of phenomena causing carryover and observa-
tions made by SRP personnel (over approximately a 15-year 
period) during carryover are summarized below: 
a. Carryover occurs more frequently in later 
winter or spring. (This observation is only partially 
consistent with the amount of organic materials found 
in the water during the one-year sampling period.) 
b. High river turbidity usually follows heavy 
rains or increases in river flow caused by a reduction 
of reservoir level at Clark Hill Dam above SRP. 
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c. High river water turbidity is attended by 
carryover. 
d. A maximum dosage of 36 ppm alum is added 
to the river water during high turbidity. 
e. Under normal conditions, carryover is pre-
vented by the continuous addition of GE-60 silicone 
antifoam and pump seal oil to the feedwater before it 
enters the first stage cold towers. 
f. Malfunctioning of equipment used to inject 
these additives to the feedwater causes carryover. 
Relief is usually obtained within 20 minutes after 
the malfunction is corrected. 
g. Results from an in-line Hach turbidimeter 
installed in the feedwater line have always correlated 
carryover with an increase in treated water turbidity, 
except when there is a malfunction in the antifoam 
addition system. 
h. When river water turbidity is normal (less 
than 20 JTU), treated water turbidity increases follow 
abnormal operation at the water treatment plant. 
Examples of abnormal operation that have caused carry-
over are excessive precipitator bed blowdown, pre-
cipitator bed temperature upsets, and filter break-
through. 
i. The surface tension of the process water has 
never been observed by SRP personnel to decrease 
during periods of carryover. 
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Based upon these observa~ions and phenomena, the 
following conclusions concerning carryover can be made: 
a. The potential for carryover to occur is 
always present. 
b. Carryover probably is not caused by organic 
surface-active agents. 
c. The potential for carryover to occur is 
caused by the addition of one of the materials used 
for water treatment. 
d. The injection rates of NaOH and H2so4 into 
the water are varied to maintain acceptable pH values. 
Therefore, the chemical/water ratios are essentially 
constant. 
e. Carryover occurs when river water turbidity 
increases; however, the dosage of alum is also in-
creased during this period. 
f. Sandfiltration will not remove all floc dur-
ing normal operation. 
g. Abnormal operation of the water treatment 
plant during periods of normal river water turbidity 
would allow excessive amounts of the floc to be dis-
charged into the feedwater. 
Therefore, the most probable cause of carryover at SRP is 
alum, or, more specifically, the discharge of hydrated 
aluminum oxide floc into the feed water. 
/ 
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In further support of this conclusion, bubble caps 
removed from the first stage hot tower were covered with 
a solid film of material about 1/16-inch thick. The film 
had primarily a dirty white color with the exception of a 
relatively thin black layer on the underside next to the 
metal of the bubble cap. Microprobe analysis of a sample 
of this film showed the black layer to be the sulfides of 
metals found in steel (iron, copper, nickel). Microprobe 
analysis of the white material, however, showed it to be 
composed of aluminum and oxygen. Comparison of an x-ray 
pattern of this material with patterns for various forms 
of aluminum oxide indicated the material to be a mixture 
of hydrated aluminum oxides. 
9. Postulated Foaming Mechanism for Hydrated Aluminum Oxide 
Hydrated aluminum oxide is amphoteric, and its chemi-
cal form in water is pH dependent. For example, at a pH 
greater than 7.0 (basic conditions), the hydrated aluminum 
oxide is in the form of hydroxide, yet at a pH less than 
7.0 (acidic conditions), the compound is in the form of 
Al2o3 • x H2o. This transition can be expressed by the 
following reaction: 
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Foaming of water enhanced by agitation in the presence 
of organic surface active agents is usually associated 
with a decrease in surface tension7 yet, no decrease in 
surface tension is observed for the case of hydrated alumi-
num oxide. Therefore, a different mechanism to enhance 
foarnin? by agitation in the presence of hydrated .aluminum 
oxide is proposed. The mechanism postulated by the author 
is that microscopic particles of hydrated aluminum oxide in 
the oxide form provide "surface-active sites" to promote 
foaming of the water if sufficient agitation is provided. 
Defense of this postulated mechanism is made by 
considering a particle of the hydrated aluminum oxide as 
it passes through the water treatment process (assuming it 
to be sufficiently small to pass through the filter) into 
the top of the first stage cold tower. 
For each coagulant there is an optimum pH zone for 
best coagulation. While alum will coagulate best at a pH 
of 5.5 for pure distilled water, for most natural waters 
the ideal pH is higher and may range from 5.5 to 8.0. 
Water at SRP is coagulated at a pH greater than seven7 
therefore, the floc produced is in the hydroxide form until 
it passes through the sand filter. 
The addition of H2so4 to the water to lower the pH 
to 4.0 drives the above reaction to the right. With the 
addition of NaOH to the water to increase the pH to 
6.0 -6.5, the reaction is shifted to the left, and the 
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hydrated aluminum oxide may possibly be present in both 
the hydroxide and oxide forms. Complete mixing of the 
NaOH with the water and a uniform pH resulting in an estab-
lished equilibrium is achieved by the time the feedwater 
(at a pH of 6.0 - 6.5) pours into the top of the first 
stage cold tower. At this point, two things occur simul-
taneously: 
a. Severe agitation of the water is created by its 
splashing against the top stages of the column. 
b. Contact of the water with the H2s immediately 
drives the above reaction far to the right, thus 
providing the "surface-active sites 11 in the form 
of aluminum oxide. 
The combination of these two events thus provides the ever-
present opportunity for foaming and carryover to occur. 
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V. RECOMMENDATIONS 
The following recommendations are made in order to 
aid in the separation and identification of organic com-
pounds extracted from carbon. The initial step is to 
separate and trap the gross fractions of the extract in-
jected into a preparatory gas chromatograph. A 3/8-inch 
column packed with Carbowax 20M-TPA on Chromosorb w of 
sufficient length to be used in the preparatory chromato-
graph in the UMR Chemistry Department is initially advised. 
Inject the preparatory fractions into 1/8-inch 
columns and trap the effluents. The optimum column packing 
for each preparatory fraction should be used. I£ 
Carbowas 20M-TPA is used initially, nonpolar substrates 
such as SE-30 and Apiezon L should be used in the 1/8-inch 
columns. With these packings, the boiling point of each 
constituent is also,available. Repeat this step until 
sufficient quantities of each constituent are available 
for analyses. 
A combination of high resolution mass spectrometry, 
NMR spectrometry, and infra-red spectrometry is generally 
sufficient for the identification of unknown organic com-
pounds. NMR and infra-red spectrometers are available on 
the UMR campus. The samples must be sent to another 
laboratory for high resolution.mass spectrometric analysis. 
This procedure is essentially the same as that em-
ployed by the southeast Water Laboratory(SG) for the 
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identification of constituents following comparison of 
experimental low resolution mass spectra with reported 
spectra. As the Southeast Water Laboratory has the 
required equipment, now possibly interfaced with a com-
puter, and is the only known laboratory working in this 
area, it is recommended the samples be sent to them, if 
possible. After tentative identification of an unknown 






CARBON ADSORPTION SYSTEM 
A drawing of the piping and construction details of 
the carbon adsorption cylinders are included in Figures 
A-1 through A-6. The drawings are copies of the originals 
as drawn by E. I. duPont personnel at the Savannah River 
Plant and are included with their permission. 
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FIGURE A-3: Sample Collector End Flange 
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APPENDIX B 
AIR DRYING DATA 
Tables B-I through B-IV summarize the carbon drying 
in one-inch through four-inch layers, respectively. The 





AIR DRYING DATA FOR ONE-INCH DEPTH 
TIME, HOURS 
LAYER THICKNESS 0 24 48 72 96 136 
1" wt. grams 649 485 429 404 388 365 
wt. loss 0 164 220 245 261 284 
% wt. loss 0 25 34 38 40 44 
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TABLE B-II. 
AIR DRYING DATA FOR TWO-INCH DEPTH 
TIME, HOURS 
LAYER THICKNESS 0 25 48 72 96 144 
l" wt. grams 406 287 265 258 240 
wt. loss 0 119 141 148 166 
% wt. loss 0 29 35 36 41 
2" wt. grams 565 536 501 464 396 
wt. loss 0 29 64 101 169 
% wt. loss 0 5 11 18 30 
= = = = = = = = = = = = = = = = = = = = 
TOTAL wt. grams 971 823 766 722 636 
wt. loss 0 148 205 249 335 
% wt. loss 0 15 21 26 35 
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TABLE B-III. 
AIR DRYING DATA FOR THREE-INCH DEPTH 
TIME, HOURS 
LAYER THICKNESS 0 24 48 72 96 138 
1" wt. grams 473 341 313 304 297 276 
wt. loss 0 132 160 169 176 197 
% wt. loss 0 28 34 36 37 42 
2" wt. grams 460 440 403 374 354 330 
wt. loss 0 20 57 86 106 130 
% wt. loss 0 4 12 19 23 28 
3" wt. grams 592 579 570 553 540 501 
wt. loss 0 13 22 39 52 91 
% wt. loss 0 2 4 7 9 15 
= = = = = = = = = = 
= = = = = = = = = = 
TOTAL wt. grams 1525 1360 1286 1231 1191 1107 
wt. loss 0 165 239 294 334 418 
% wt. loss 0 11 16 19 22 27 
134 
TABLE B-IV. 
AIR DRYING DATA FOR FOUR-INCH DEPTH 
TIME, HOURS 
LAYER THICKNESS 0 24 48 72 96 120 
1" wt. grams 557 419 381 363 353 
wt. loss 0 138 176 194 204 
% wt. loss 0 25 32 35 37 
2" wt. grams 490 475 444 390 372 
wt. loss 0 15 46 100 118 
% wt. loss 0 3 9 20 24 
3" wt. grams 470 464 454 428 414 
wt. loss 0 6 16 42 56 
% wt. loss 0 1 3 9 12 
4" wt. grams 403 397 391 385 380 
wt. loss 0 6 12 18 23 
% wt. loss 0 1 3 4 6 
= = = = = = = = = = = 
= = = = = = = = = 
TOTAL wt. grams 1920 1755 1670 1566 1519 
wt. loss 0 165 250 354 401 
% wt. loss 0 9 13 18 21 
APPENDIX C 
CARBON ADSORPTION SAMPLING CONDITIONS AT SRP 
Table C-1 summarizes the sampling conditions at the 




CARBON ADSORPTION SAMPLING CONDITIONS AT SRP 
Total Ave;rage Average Process 
Cylinder Date Date Flow, Flowrate Water Turbidity. 
No. Installed Removed GAL gpm JTU* 
1 5-24-68 6-24-68 23,215 0.52 
2 6-24-68 7-23-68 12,789 0.31 
3 7-23-68 8-23-68 13,874 0.31 
4 8-23-68 9-23-68 15,534 0. 34 0.07 
5 9-23-68 10-23-68 6,850 0.16 0.08 
6 10-23-68 11-22-68 9, 772 0.23 0.14 
7 11-23-68 12-23-68 13,121 0.30 0.16 
8 12-23-68 1-23-69 15,866 0. 35 0.23 
9 1-23-69 2-27-69 2,553 0.35 
10 2-28-69 3-28-69 9,573 0.24 0.77 
11 3-28-69 4-25-69 10,331 0.27 0.48 
'12 4-25-69 5-28-69 11,613 0.24 0. 79 
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